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Description

Field of the Invention

[0001] The present invention relates to quench detec-
tion in high temperature superconducting magnet sys-
tems, and in particular to methods of quench detection,
and magnet systems configured to implement the meth-
ods.

Background

[0002] The challenge of producing fusion power is
hugely complex. Many alternative devices apart from
tokamaks have been proposed, though none have yet
produced any results comparable with the best tokamaks
currently operating such as JET.
[0003] World fusion research has entered a new phase
after the beginning of the construction of ITER, the largest
and most expensive (c15bn Euros) tokamak ever built.
The successful route to a commercial fusion reactor de-
mands long pulse, stable operation combined with the
high efficiency required to make electricity production
economic. These three conditions are especially difficult
to achieve simultaneously, and the planned programme
will require many years of experimental research on ITER
and other fusion facilities, as well as theoretical and tech-
nological research. It is widely anticipated that a com-
mercial fusion reactor developed through this route will
not be built before 2050.
[0004] To obtain the fusion reactions required for eco-
nomic power generation (i.e. much more power out than
power in), the conventional tokamak has to be huge (as
exemplified by ITER) so that the energy confinement time
(which is roughly proportional to plasma volume) can be
large enough so that the plasma can be hot enough for
thermal fusion to occur.
[0005] WO 2013/030554 describes an alternative ap-
proach, involving the use of a compact spherical tokamak
for use as a neutron source or energy source. The low
aspect ratio plasma shape in a spherical tokamak im-
proves the particle confinement time and allows net pow-
er generation in a much smaller machine. However, a
small diameter central column is a necessity, which
presents challenges for design of the plasma confine-
ment magnet. High temperature superconductor (HTS)
field coils are a promising technology for such magnets.

Superconducting materials are typically divided into "high 
temperature superconductors"

[0006] (HTS) and "low temperature superconductors"
(LTS). LTS materials, such as Nb and NbTi, are metals
or metal alloys whose superconductivity can be de-
scribed by BCS theory. All low temperature supercon-
ductors have a critical temperature (the temperature
above which the material cannot be superconducting
even in zero magnetic field) below about 30K. The be-

haviour of HTS material is not described by BCS theory,
and such materials may have critical temperatures above
about 30K (though it should be noted that it is the physical
differences in superconducting operation and composi-
tion, rather than the critical temperature, which define
HTS and LTS material). The most commonly used HTS
are "cuprate superconductors" - ceramics based on cu-
prates (compounds containing a copper oxide group),
such as BSCCO, or ReBCO (where Re is a rare earth
element, commonly Y or Gd). Other HTS materials in-
clude iron pnictides (e.g. FeAs and FeSe) and magnesi-
um diborate (MgB2).
[0007] ReBCO is typically manufactured as tapes, with
a structure as shown in Figure 1. Such tape 100 is gen-
erally approximately 100 microns thick, and includes a
substrate 101 (typically electropolished hastelloy approx-
imately 50 microns thick), on which is deposited by IBAD,
magnetron sputtering, or another suitable technique a
series of buffer layers known as the buffer stack 102, of
approximate thickness 0.2 microns. An epitaxial ReBCO-
HTS layer 103 (deposited by MOCVD or another suitable
technique) overlays the buffer stack, and is typically 1
micron thick. A 1-2 micron silver layer 104 is deposited
on the HTS layer by sputtering or another suitable tech-
nique, and a copper stabilizer layer 105 is deposited on
the tape by electroplating or another suitable technique,
which often completely encapsulates the tape.
[0008] The substrate 101 provides a mechanical back-
bone that can be fed through the manufacturing line and
permit growth of subsequent layers. The buffer stack 102
is required to provide a biaxially textured crystalline tem-
plate upon which to grow the HTS layer, and prevents
chemical diffusion of elements from the substrate to the
HTS which damage its superconducting properties. The
silver layer 104 is required to provide a low resistance
interface from the ReBCO to the stabiliser layer, and the
stabiliser layer 105 provides an alternative current path
in the event that any part of the ReBCO ceases super-
conducting (enters the "normal" state).
[0009] In addition, "exfoliated" HTS tape can be man-
ufactured, which lacks a substrate and buffer stack, and
instead has silver layers on both sides of the HTS layer.
Tape which has a substrate will be referred to as "sub-
strated" HTS tape.
[0010] HTS tapes may be arranged into HTS cables.
An HTS cable comprises one or more HTS tapes, which
are connected along their length via conductive material
(normally copper). The HTS tapes may be stacked (i.e.
arranged such that the HTS layers are parallel), or they
may have some other arrangement of tapes, which may
vary along the length of the cable. Notable special cases
of HTS cables are single HTS tapes, and HTS pairs. HTS
pairs comprise a pair of HTS tapes, arranged such that
the HTS layers are parallel. Where substrated tape is
used, HTS pairs may be type-0 (with the HTS layers fac-
ing each other), type-1 (with the HTS layer of one tape
facing the substrate of the other), or type-2 (with the sub-
strates facing each other). Cables comprising more than
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2 tapes may arrange some or all of the tapes in HTS
pairs. Stacked HTS tapes may comprise various arrange-
ments of HTS pairs, most commonly either a stack of
type-1 pairs or a stack of type-0 pairs and (or, equiva-
lently, type-2 pairs). HTS cables may comprise a mix of
substrated and exfoliated tape.
[0011] One common type of HTS coil is a "pancake
coil", where HTS cables 201 are wrapped to form a flat
coil, in a similar manner to a spool of ribbon. Pancake
coils may be made with an inner perimeter which is any
2 dimensional shape. Often, pancake coils are provided
as a "double pancake coil", which comprises two pancake
coils wound in opposite sense, with insulation between
the pancake coils, and with the inner terminals connected
together. This means that voltage only needs to be sup-
plied to the outer terminals which are generally more ac-
cessible, to drive current through the turns of the coil and
generate a magnetic field.
[0012] HTS coils may be "insulated" - having electri-
cally insulating material between the turns of the coil, or
"non insulated", where the turns of the coil are electrically
connected radially, as well as along the cables (e.g. by
connecting the copper stabiliser layers of the cables by
soldering or by direct contact). In addition, coils may be
"partially insulated" - i.e. having a layer between the coils
with a resistance intermediate between the insulators
used for an insulated coil, or the metals which join cables
of a non-insulated coil. For example, the partial insulated
may be a thicker layer of a relatively high resistance met-
al, or a semiconductor, or a composite layer constructed
to give a relatively high resistance. Alternatively, partially
insulated coils may be formed by providing other radial
current paths made from conductive material - e.g. on
the side of the field coil.
[0013] US2019252104A1 discloses a method to detect
the onset of a quench in a field coil for a tokamak which
is based on detecting local changes in temperature or
strain in the field coil.
[0014] CN110261799A discloses a method to detect
the onset of a quench in a field coil based on the detection
of local changes in strain.
[0015] US2010254047A1 and EP2755216A1 each
disclose a method to detect the onset of a quench in a
field coil which is based on detecting local changes in
the magnetic field measured within the field coil.

Summary

[0016] According to a first aspect, there is provided a
method of detecting pre-quench conditions in a super-
conducting magnet comprising an HTS field coil as de-
fined in independent claim 1.
[0017] According to a second aspect, there is provided
a high temperature superconducting, HTS, magnet sys-
tem comprising an HTS field coil as defined in independ-
ent claim 4.
[0018] According to a third aspect, there is provided a
tokamak comprising an HTS magnet system according

to the second aspect, wherein a toroidal field coil or poloi-
dal field coil of the tokamak comprises the HTS field coil.

Brief Description of the Drawings

[0019]

Figure 1 is a schematic diagram of an HTS tape;
Figure 2 is a schematic diagram of a superconduct-
ing magnet system;
Figure 3 is a schematic diagram of a superconduct-
ing magnet system comprising several coils.

Detailed Description

[0020] Partially insulated and non-insulated coils, i.e.
coils where there is a (non-superconducting) conductive
path between turns which allows current flow radially be-
tween turns, are generally resistant to quenching (the
magnet becoming non-superconducting during opera-
tion) and to damage during a quench (since this partly
results from arcing between the turns in an insulated coil).
However, it has been found that significant damage can
result from quenches in partially and non-insulated coils
due to the large shifts in the magnetic field and the re-
sulting strain which result from the current transferring
from the spiral path (i.e. in the HTS of the coil) to the
radial path (i.e. directly through the metallic connection
or the partial insulation). This is particularly notable in
magnet systems with multiple coil sections - e.g. toroidal
field (TF) coil sets for tokamaks. If one "limb" of the TF
coil quenches, then the resulting magnetic imbalance can
cause significant damage to the whole TF coil set due to
the large imbalanced forces.
[0021] While the large destructive shifts of strain and
magnetic field are clearly a problem, the below descrip-
tion proposes using the smaller strain and field shifts
which occur during the onset of a quench due to current
sharing between turns to detect the incipient quench and
provide enough warning to safely ramp down the magnet
and reduce or prevent the damage caused by the quench.
In general, quench detection involves detecting "pre-
quench conditions", i.e. conditions which are likely to
cause a quench, or signs such as current sharing be-
tween the coils or hot-spots within the coils which indicate
that a quench may occur soon.
[0022] Quench detection may be performed by moni-
toring either or both of the strain in each coil of the set
(and/or in nearby structural components) or the magnetic
field close to each coil in the set. In a broad example,
pre-quench conditions may be signalled when there is
any deviation (e.g. greater than the measurement accu-
racy of the strain gauges used) from the expected meas-
urements during magnet operation. Alternatively, pre-
quench conditions may be signalled when any such de-
viation is greater than a threshold (e.g. 1% greater than
the expected measurement). This would be suitable for
a system in which the potential cost of a larger number
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of unnecessary shutdowns is worth bearing to save the
potential costs of an uncontrolled quench.
[0023] Alternatively, the quench protection system
could be configured to respond only to certain measure-
ments by the strain and/or field sensors, e.g. to a mag-
netic field perpendicular to the magnetic field of the coil
during normal operations (an "off axis" field), or to strain
in an unexpected component or an unexpected direction
(where "unexpected" means "would not be expected dur-
ing normal operation" - i.e. it may be expected in the
event of a quench or pre-quench conditions).
[0024] In multi-coil systems, detection of pre-quench
conditions in one coil may be based on changes in the
strain in and around another coil of the system - this is
because shifts in the magnetic field of the first coil will
cause shifts in the balance of forces on the other coils in
the system. This applies whether the multiple coils are
part of the same magnet (e.g. the individual limbs of a
TF coil set).
[0025] The judgement of "strain/field during normal op-
eration" may be based on the power currently being sup-
plied to the coil - e.g. the quench protection system may
receive as input the details of the current supplied to each
coil, determine a strain and/or field model on the basis
of these currents (e.g. by reference to a look-up table or
by calculation in a simple model), and compare the read-
ings of the strain and/or field sensors to the strain and/or
field model. As noted above, pre-quench conditions may
be signalled (and quench prevention procedures such
as ramping down the magnet engaged) either for any
significant deviation from the model, or for deviations of
certain types - e.g. perpendicular to the expected
field/strain.
[0026] In a balanced multi-coil system, i.e. a system in
which the strain/magnetic field pattern should be the
same for each coil during normal operation, the expected
strain/magnetic field during normal operation which is
used for comparison may be based on the measured
strain/magnetic field of the other coils - i.e. the expected
strain pattern is that the strain on each coil is identical to
within the range of gauge accuracy. A particular pattern
of deviations in strain may indicate pre-quench conditions
- e.g. where equal and opposite deviations are present
on the two coils either side of a coil, with reduced equal
and opposite deviations on the next nearest neighbours.
[0027] Similar considerations apply to systems which
are not fully balanced, but have symmetry - e.g. where
a multi-coil system has two sets of coils which have re-
flective symmetry with each other, the expected
strain/magnetic field may be based on the measured
strain/magnetic field of each coil, with the expectation
that the strain/magnetic field pattern should also have
reflective symmetry.
[0028] In a typical TF coil of a small spherical tokamak
(plasma major radius approximately 1.5m), the expected
strain may be up to 0.25% (2500 microstrain), and the
sensitivity of the strain sensors may be better than 0.01
microstrain. As such, very precise, high-resolution deter-

mination of the strain on the magnet is possible.
[0029] Figure 2 shows an exemplary superconducting
magnet system that may not be used to carry out the
present invention, in schematic form. The magnet system
comprises:

an HTS field coil 201, having support structures 202;
a plurality of strain sensors 203 on the HTS field coil
201 and the support structures 202;
a plurality of magnetic field sensors 204 positioned
to monitor the magnetic field produced by the HTS
field coil 201;
a quench protection system 205 configured to:

monitor measurements from the strain sensors
and magnetic field sensors;
compare the monitored measurements to an ex-
pected strain profile during normal operation
and an expected magnetic field profile during
normal operation;
determine whether or not the field coil is in pre-
quench conditions on the basis of that compar-
ison.

[0030] Figure 3 shows a multi-coil magnet system that
may be used to carry out the present invention, compris-
ing a plurality of coils 201 as shown in Figure 2 (with
associated support structures 202, and sensors 203,
204). The quench protection system 305 is configured to:

monitor measurements from the strain sensors and
magnetic field sensors;
compare the monitored measurements to an expect-
ed strain profile during normal operation and an ex-
pected magnetic field profile during normal opera-
tion;
determine whether or not each field coil is in pre-
quench conditions on the basis of that comparison,
using both the sensors on each field coil, and the
sensors on the other field coils.

[0031] As explained in the more detailed examples
above, the magnet system could also be constructed with
only strain sensors or only magnetic field sensors, and
with the quench protection system configured to consider
only strain or magnetic field (as appropriate). The quench
protection system may be further configured to activate
some manner of quench prevention or mitigation follow-
ing a determination that the field coil is in pre-quench
conditions - e.g. to trigger dumping of the magnet current
to a cold mass, such as by switching to a resistive load
or deliberately quenching a large portion of the magnet.

Claims

1. A method of detecting conditions likely to cause a
quench in a superconducting magnet comprising a
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plurality of HTS field coils (201), each field coil com-
prising:

a plurality of turns comprising HTS material and
metallic stabilizer; and
a conductive material connecting the turns such
that current can be shared
radially between turns via the conductive mate-
rial;

the method comprising:

monitoring strain and/or a magnetic field of each
HTS field coil;
comparing the monitored strain and/or magnetic
field for each HTS field coil to the monitored
strain and/or magnetic field of at least one other
HTS field coil of the plurality of HTS field coils;
in response to said comparison, determining
whether one or more of the HTS field coils is
likely to quench.

2. A method according to claim 1, wherein determining
whether one or more of the HTS field coils is likely
to quench comprises one or more of:

determining that one of the HTS field coils is
likely to quench if the monitored strain or mag-
netic field differs from the strain or magnetic field
of at least one other HTS field coil by more than
a threshold value;
determining that one of the HTS field coils is
likely to quench if the monitored strain or mag-
netic field has a component perpendicular to the
strain or magnetic field of at least one other HTS
field coil with a magnitude greater than a thresh-
old value.

3. A method according to claim 2, wherein the or each
threshold value is a predetermined proportion of the
strain or magnetic field of the at least one other HTS
field coil.

4. A high temperature superconducting, HTS, magnet
system comprising a plurality of HTS field coils (201),
each HTS field coil comprising:

a plurality of turns comprising HTS material and
metallic stabilizer;
a conductive material connecting the turns, such
that current can be shared between turns via the
conductive material;

the HTS magnet system further comprising a quench
protection system (305) and a plurality of sensors
(203, 204) comprising:

one or more strain sensors (203) located on

each HTS field coil or on a structural support
(202) of each HTS field coil, and/or
one or more magnetic field sensors (204) con-
figured to monitor the magnetic field of each HTS
field coil;

wherein the quench protection system is configured
to:

monitor strain and/or magnetic field measure-
ments for each HTS coil using the plurality of
sensors;
compare the strain and/or magnetic field meas-
urements for each HTS coil to the strain and/or
magnetic field measurements of at least one oth-
er HTS field coil of the plurality of HTS field coils;
in response to said comparison, determine
whether one or more of the HTS field coils is
likely to quench.

5. An HTS magnet system according to claim 4, where-
in the conductive material is contained within a par-
tially insulating layer comprising any of:

an intermittent layer of insulation;
a semiconductor;
a metal strip having an intermittent layer of in-
sulation on each side; and
a metal-insulator transition material.

6. A tokamak comprising an HTS magnet system ac-
cording to claim 4 or 5, wherein the plurality of HTS
field coils are toroidal field coils of the tokamak.

Patentansprüche

1. Verfahren zum Detektieren von Bedingungen, die
wahrscheinlich ein Quench in einem supraleitenden
Magneten verursachen, der eine Vielzahl von HTS-
Feldspulen (201) umfasst, wobei jede Feldspule Fol-
gendes umfasst:

eine Vielzahl von Windungen, die ein HTS-Ma-
terial und einen metallischen Stabilisator umfas-
sen; und
ein leitfähiges Material, das die Windungen so
verbindet, dass Strom radial zwischen Windun-
gen über das leitfähige Material geteilt werden
kann;
wobei das Verfahren Folgendes umfasst:

Überwachen der Dehnung und/oder eines
Magnetfeldes jeder HTS-Feldspule;
Vergleichen der überwachten Dehnung
und/oder des überwachten Magnetfeldes
für jede HTS-Feldspule mit der überwach-
ten Dehnung und/oder dem überwachten
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Magnetfeld mindestens einer anderen
HTS-Feldspule der Vielzahl von HTS-Feld-
spulen;
als Reaktion auf den Vergleich, Bestimmen,
ob eine oder mehrere der HTS-Feldspulen
wahrscheinlich gequencht wird.

2. Verfahren nach Anspruch 1, wobei das Bestimmen,
ob eine oder mehrere der HTS-Feldspulen wahr-
scheinlich gequencht wird, eines oder mehrere von
Folgendem umfasst:

Bestimmen, dass eine der HTS-Feldspulen
wahrscheinlich gequencht wird, wenn die über-
wachte Dehnung oder das überwachte Magnet-
feld von der Dehnung oder dem Magnetfeld min-
destens einer anderen HTS-Feldspule um mehr
als einen Schwellenwert abweicht;
Bestimmen, dass eine der HTS-Feldspulen
wahrscheinlich gequencht wird, wenn die über-
wachte Dehnung oder das überwachte Magnet-
feld eine Komponente senkrecht zur Dehnung
oder zum Magnetfeld mindestens einer anderen
HTS-Feldspule mit einer Größe aufweist, die
größer als ein Schwellenwert ist.

3. Verfahren nach Anspruch 2, wobei der oder jeder
Schwellenwert ein vorbestimmter Anteil der Deh-
nung oder des Magnetfeldes der mindestens einen
anderen HTS-Feldspule ist.

4. Hochtemperatursupraleitendes (HTS-)Magnetsys-
tem, das eine Vielzahl von HTS-Feldspulen (201)
umfasst, wobei jede HTS-Feldspule Folgendes um-
fasst:

eine Vielzahl von Windungen umfassend ein
HTS-Material und einen metallischen Stabilisa-
tor;
ein leitfähiges Material, das die Windungen so
verbindet, dass Strom zwischen Windungen
über das leitfähige Material geteilt werden kann;
wobei das HTS-Magnetsystem ferner ein
Quench-Schutzsystem (305) und eine Vielzahl
von Sensoren (203, 204) umfasst, Folgendes
umfassend:

einen oder mehrere Dehnungssensoren
(203), die sich auf jeder HTS-Feldspule
oder auf einem Strukturträger (202) jeder
HTS-Feldspule befinden, und/oder
einen oder mehrere Magnetfeldsensoren
(204), die zum Überwachen des Magnet-
felds jeder HTS-Feldspule konfiguriert sind;
wobei das Quench-Schutzsystem zu Fol-
gendem konfiguriert ist:

Überwachen von Dehnungs- und/oder

Magnetfeldmessungen für jede HTS-
Spule unter Verwendung der Vielzahl
von Sensoren;
Vergleichen der Dehnungs- und/oder
Magnetfeldmessungen für jede HTS-
Spule mit den Dehnungs- und/oder Ma-
gnetfeldmessungen mindestens einer
anderen HTS-Feldspule der Vielzahl
von HTS-Feldspulen;
als Reaktion auf den Vergleich, Bestim-
men, ob eine oder mehrere der HTS-
Feldspulen wahrscheinlich gequencht
wird.

5. HTS-Magnetsystem nach Anspruch 4, wobei das
leitfähige Material innerhalb einer teilweise isolieren-
den Schicht enthalten ist, die eines oder mehrere
von Folgendem umfasst:

eine intermittierende Isolierschicht;
einen Halbleiter;
einen Metallstreifen, der auf jeder Seite eine in-
termittierende Isolierschicht aufweist; und
ein Metall-Isolator-Übergangsmaterial.

6. Tokamak, umfassend ein HTS-Magnetsystem nach
Anspruch 4 oder 5, wobei die Vielzahl von HTS-Feld-
spulen toroidale Feldspulen des Tokamaks sind.

Revendications

1. Procédé de détection de conditions susceptibles de
provoquer une transition de l’état supraconducteur
à l’état résistif dans un aimant supraconducteur com-
prenant une pluralité de bobines de champ HTS
(201), chaque bobine de champ comprenant :

une pluralité de spires comprenant un matériau
HTS et un stabilisateur métallique ; et
un matériau conducteur connectant les spires
de telle sorte qu’un courant peut être partagé
radialement entre des spires via le matériau
conducteur ;
le procédé comprenant :

la surveillance d’une déformation et/ou d’un
champ magnétique de chaque bobine de
champ HTS ;
la comparaison de la déformation surveillée
et/ou du champ magnétique surveillé pour
chaque bobine de champ HTS par rapport
à la déformation surveillée et/ou au champ
magnétique surveillé d’au moins une autre
bobine de champ HTS de la pluralité de bo-
bines de champ HTS ;
en réponse à ladite comparaison, la déter-
mination de si une ou plusieurs des bobines
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de champ HTS est/sont susceptible(s) de
subir une transition de l’état supraconduc-
teur à l’état restrictif ou non.

2. Procédé selon la revendication 1, dans lequel la dé-
termination de si une ou plusieurs des bobines de
champ HTS est/sont susceptible(s) de subir une
transition de l’état supraconducteur à l’état réstrictif
ou non comprend une ou plusieurs parmi :

la détermination du fait qu’une des bobines de
champ HTS est susceptible de subir une transi-
tion de l’état supraconducteur à l’état réstrictif si
la déformation surveillée ou le champ magnéti-
que surveillé diffère de la déformation ou du
champ magnétique d’au moins une autre bobine
de champ HTS de plus d’une valeur de seuil ;
la détermination du fait qu’une des bobines de
champ HTS est susceptible de subir une transi-
tion de l’état supraconducteur à l’état réstrictif si
la déformation surveillée ou le champ magnéti-
que surveillé présente une composante perpen-
diculaire à la déformation ou au champ magné-
tique d’au moins une autre bobine de champ
HTS d’une amplitude supérieure à une valeur
de seuil.

3. Procédé selon la revendication 2, dans lequel la ou
chaque valeur de seuil est une proportion prédéter-
minée de la déformation ou du champ magnétique
de l’au moins une autre bobine de champ HTS.

4. Système d’aimant(s) supraconducteur(s) haute tem-
pérature, HTS, comprenant une pluralité de bobines
de champ HTS (201), chaque bobine de champ HTS
comprenant :

une pluralité de spires comprenant un matériau
HTS et un stabilisateur métallique ;
un matériau conducteur connectant les spires
de telle sorte qu’un courant peut être partagé
entre des spires via le matériau conducteur ;
le système d’aimant(s) HTS comprenant en
outre un système de protection contre la transi-
tion de l’état supraconducteur à l’état réstrictif
(305) et une pluralité de capteurs (203, 204)
comprenant :

un ou plusieurs capteurs de déformation
(203) localisés sur chaque bobine de
champ HTS ou sur un support structurel
(202) de chaque bobine de champ HTS,
et/ou
un ou plusieurs capteurs de champ magné-
tique (204) configurés pour surveiller le
champ magnétique de chaque bobine de
champ HTS ;
dans lequel le système de protection contre

la transition de l’état supraconducteur à
l’état réstrictif est configuré pour :

surveiller des mesures de déformation
et/ou de champ magnétique pour cha-
que bobine de champ HTS en utilisant
la pluralité de capteurs ;
comparer les mesures de déformation
et/ou de champ magnétique pour cha-
que bobine de champ HTS par rapport
aux mesures de déformation et/ou de
champ magnétique d’au moins une
autre bobine de champ HTS de la plu-
ralité de bobines de champ HTS ;
en réponse à ladite comparaison, dé-
terminer si une ou plusieurs des bobi-
nes de champ HTS est/sont suscepti-
ble(s) de subir une transition de l’état
supraconducteur à l’état réstrictif ou
non.

5. Système d’aimant(s) HTS selon la revendication 4,
dans lequel le matériau conducteur est contenu à
l’intérieur d’une couche partiellement isolante com-
prenant un ou plusieurs des suivants :

une couche d’isolation intermittente ;
un semiconducteur ;
une bande métallique comportant une couche
d’isolation intermittente sur chaque côté ; et
un matériau de transition métal-isolant.

6. Tokamak comprenant un système d’aimant(s) HTS
selon la revendication 4 ou 5, dans lequel la pluralité
de bobines de champ HTS sont des bobines de
champ toroïdales du tokamak.
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